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ABSTRACT 
The basic structure of the variability of the large-scale circulations over the tropical western Pacific is inves-
tigated with respect to its influence on tropical cyclone characteristics. A vector empirical orthogonal function 
analysis and fuzzy cluster algorithm are applied to a 9-yr dataset to define six recurrent 700-mb circulation 
patterns that represent large-scale variabilities associated with the monsoon trough and subtropical ridge. Five 
of the cluster patterns, which contain 48% of the sample, define combinations of active (inactive) monsoon 
trough and strong (weak) subtropical ridge circulations. The sixth cluster, which contains 26% of the data sample, 
depicts small deviations from the long-term climatology. After the cluster centers are defined, the fuzzy cluster 
coefficients are used to identify a seventh cluster, which contains the remaining 26% of the circulation patterns 
that could not be classified within any of the original six clusters. The 700-mb circulation patterns are physically 
consistent with outgoing longwave radiation anomalies and the 200-mb streamfunction and velocity potential 
anomalies. Active and inactive monsoon trough patterns are related to large-scale velocity potential anomalies 
over the tropical western Pacific and Indian Ocean basins. Anomalous cyclonic circulations are found to be 
regions of anomalous convergence at 700 mb, divergence at 200 mb, and enhanced large-scale convection. 
Anticyclonic anomalies are regions of anomalous 700-mb divergence, 200-mb convergence, and reduced large-
scale convection. Variability of the subtropical ridge is associated with large-scale, 200-mb streamfunction 
anomalies that are related to variations in the midlatitude longwave pattern. 
Tropical cyclone activity is found to be related significantly to the variability of the monsoon trough described 
within the cluster framework. Active (inactive) periods are found to occur when the large-scale circulation 
anomalies are contained within clusters that represent an active (inactive) monsoon trough. However, grouping 
of clusters based exclusively on the variability of the monsoon trough does not adequately account for the 
variability in tropical cyclone track types. Comparisons between observed tropical cyclone track characteristics 
and the cluster definition at the time the tropical cyclone reaches tropical storm strength identify a statistically 
significant relationship between track type (straight-moving versus recurving) and the individual five cluster 
patterns that describe the variability of the monsoon trough and subtropical ridge. No relationships are found 
between tropical cyclone characteristics and the cluster that represents small deviations from the climatological 
mean or the cluster that is defined to contain circulation patterns not classified in any of the original six clusters. 
It is concluded that the cluster patterns define the basic structure of large-scale circulation variability over the 
tropical western Pacific and that these structures are related to tropical cyclone characteristics. 
1. Introduction 
Over the midlatitudes, investigations into the exis-
tence and cause of slowly varying and/or temporally 
recurring, large-scale circulation patterns have been 
prompted by the realization that the preferred tracks 
of transient synoptic-scale disturbances are greatly af-
fected by such patterns. Based upon an observed low-
frequency component to midlatitude large-scale cir-
culation variability (Dole and Gordon 1983; Horel 
1985a,b), preferred midlatitude circulation patterns 
have been identified and associated with blocking and 
zonal flows over the midlatitude oceanic regions and 
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with global-scale teleconnection patterns (Mo and 
Ghil 1988; Molteni et al. 1990; Vautard 1990; Cheng 
and Wallace 1993; Kimoto and Ghil 1993a,b ). Kim-
oto and Ghil ( 1993a, Figs. 1 and 2) used a limited 
contour analysis, which represented the position of the 
polar jet axis and, therefore, the movement of midlat-
itude synoptic-scale weather systems, to illustrate sev-
eral characteristics of slowly varying, large-scale mid-
latitude circulation patterns. These attributes are not 
limited to the slow variation or recurrence of large-
scale circulation patterns but also include geographi-
cally fixed characteristics ( Kimoto and Ghil 1993a). 
That is, a midlatitude circulation pattern may be as-
sociated with a strong anomalous flow pattern over a 
limited region ( e.g., blocking ridge over western 
North America) and more variable conditions else-
where. The geographical dependence may be related 
to the large number of degrees of freedom contained 
1225 
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within the variability of the midlatitude; large-scale 
circulation. 
Over tropical regions, slowly varying and/or recur-
rent, large-scale circulation patterns may also be re-
vealed in the characteristics (i.e., formation and track 
types) of transient disturbances ( i.e., tropical cy-
clones). Tropical cyclone characteristics are affected 
by the large-scale circulation over each basin that ex-
periences tropical cyclones ( Elsberry 1987). Devia-
tions from climatological tropical cyclone characteris-
tics have been observed on interannual ( Chan 1985) 
and intraseasonal ( Gray 1985) timescales. Over the 
western North Pacific basin, Harr and Elsberry (1991) 
(hereafter HE91) illustrated that periods containing 
specific tropical cyclone track types (i.e., straight-mov-
ers or recurvers) and periods of activity or inactivity, 
are related to certain anomalous, large-scale circulation 
characteristics. Furthermore, periods with specific track 
types, or inactive periods, appear to recur during the 
primary western North Pacific tropical cyclone season 
( i.e., June-October). 
Many factors contribute to the variability of the 
large-scale circulation over the tropical western Pacific. 
These factors involve a broad range of space and time 
scales. Small space scales and short timescales are 
dominated by individual cloud clusters and midget 
tropical cyclones. Synoptic-scale features include 
larger tropical cyclones, super cloud clusters, easterly 
waves, and cold surges. Large-scale features include 
the monsoon trough, the subtropical ridge, and the trop-
ical upper-tropospheric trough (TUTT). Global-scale 
features . include propagating divergent. circulations 
(Madden and Julian 1972; Knutson and Weickmann 
1987), Ross by wave-like responses to tropical heating 
( Hoskins and Karoly 1981), and monsoon circulations. 
The large-scale circulation background over the tropi-
cal western Pacific within which lower-troposphere 
features exist is typically characterized by a monsoon 
trough, equatorial westerlies, trade-wind easterlies, and 
the subtropical ridge. It is the variability in these large-
scale circulation features that is related to tropical cy-
clone characteristics ( HE91). 
The observed recurrence of periods that have similar 
tropical cyclone characteristics over the western North 
Pacific suggests that these may be related to recurring 
large-scale tropical circulation patterns. In contrast to 
the approach of HE91, who started from known tropi-
cal cyclone characteristics, a more general approach 
would be to identify recurrent large-scale circulation 
patterns independent of tropical cyclone characteristics 
and then examine whether these circulations have any 
relationship to the observed variability in tropical cy-
clone characteristics. 
The hypothesis in this paper is that the large-scale 
circulation over the tropical western North Pacific can 
be characterized by a small set of recurrent patterns and 
that physically plausible relationships between the cir-
culation patterns and tropical cyclone characteristics 
can be identified. In a second paper (Harr and Elsberry 
1995), large-scale circulation vruiability defined within 
the framework of recurrent circulation patterns and pre-
ferred transition periods is related to observed varia-
bilities in tropical cyclone characteristics such as activ-
ity, inactivity, genesis locations, and track types. 
Based.upon investigations of midlatitude large-scale 
circulations, it is assumed that recurrent circulation pat-
terns may be represented in terms of the basic structures 
of the large-scale circulation vruiability (Mo and Ghil 
1987). Therefore, these basic structures must be iden-
tified prior to recognition of recurrent characteristics of 
the large-scale circulation over the tropical western Pa-
cific. Typically, an empirical orthogonal function 
(EOF) analysis (Lorenz 1957) is used to define the 
intrinsic variability associated with large-scale atmo-
spheric circulations (Barnston and Livezy 1987; Kush-
nir and Wallace 1989). 
The approach in this paper is to apply a vector EOF 
(VEOF) analysis to the anomalous 700-mb wind fields 
over the tropical Indian Ocean and western Pacific to 
identify the primary structures of circulation variability 
over these regions. Recurrent, anomalous circulation 
patterns are then defined by a fuzzy cluster analysis that 
is based upon the leading modes of the large-scale cir-
culation variability. The fuzzy analysis allows identi-
fication of a large diffuse portion of the cluster analysis 
phase space that contains anomaly maps that are not 
similar to the main recurrent patterns. This diffuse clus-
ter essentially identifies the transient periods of large-
scale circulation variability and will be examined in 
Harr and Elsberry ( 1995) to define the preferred tran-
sition paths between the recurrent clusters. 
The physical relationships between tropical cyclone 
characteristics and the recurrent circulation patterns 
will be established using the composites of anomaly 
maps for the recurrent clusters, which depict specific 
modes of the circulation variability. Cluster patterns 
that represent the variability of the anomalous 700-mb 
winds are also related to other large-scale circulation 
variables, such as anomalous outgoing longwave radi-
ation and divergent circulations represented by 700-mb 
and 200-mb anomalous velocity potentials. Relation-
ships between tropical cyclone characteristics and the 
large-scale cluster patterns during transition periods are 
discussed in Harr and Elsberry ( 1995). These are im-
portant relationships that have implications concerning 
the potential ability to predict expected tropical cyclone 
attributes or changes in attributes based upon the char-
acterization of the atmospheric variability in the cluster 
analysis framework. 
The datasets used in this study are described in sec-
tion 2. Definitions of the basic structure of large-scale 
circulation variability are described in section 3. This 
section establishes the physical basis of the EOF struc-
tures that will be carried throughout the cluster analy-
sis. Section 4 defines the cluster method and identifies 
the recurrent cluster patterns that characterize anoma-
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lous 700-mb large-scale circulation variability. The 
physical significance of the cluster patterns is estab-
lished by examining their large-scale, three-dimen-
sional structure using several meteorological variables. 
Relationships between the cluster patterns and tropical 
cyclone characteristics are also defined in section 5. 
2. Data 
This study is based upon the global band analysis 
(GBA) of the wind field produced between June and 
October 1979-87 by the U.S. Navy Fleet Numerical 
Meteorology and Oceanography Center. The GBA 
wind analyses were produced on a Mercator projection 
that is true at 22.5°N with a grid spacing of 2.5°. The 
latitude range of the analyses is approximately 60°N-
400S with a global longitudinal extent. A subset region 
that extends from 10°S to 40°N and 60°E to 180° is 
used in this study. The analyses were produced daily 
at 0000 and 1200 UTC at the surface, 700-, 400-, 
250-, and 200-mb levels. Surface, ship, aircraft, pilot 
balloon, radiosonde, and satellite data were used to pro-
duce the analyzed fields. Additional details of the anal-
ysis procedure are described in HE9 l, and a description 
of the entire analysis procedure is available in Grayson 
( 1971 ) . The analyses between 20°N and 20°s are based 
entirely upon the various data sources and are indepen-
dent of any numerical model because a 12-h persistence 
field is used as the first guess at each analysis time. 
Poleward of 30° latitude the first guess is a 12-h forecast 
from a model, and a linear blend zone is used between 
20° and 30° latitude. 
Similar to HE91, the hypothesis of this study relates 
the variability of the large-scale circulation over the 
tropical western Pacific with the ''steering'' concept of 
tropical cyclone motion. Although tropical cyclone 
steering is best correlated with a layer mean of the mid-
to lower-tropospheric flow ( Elsberry 1987), the 700-
mb level is used to define the basic structure of the 
large-scale circulation variability over the tropical 
western Pacific as it relates to tropical cyclone char-
acteristics. The 200-mb level will also be used to es-
tablish the three-dimensional structure of the primary 
modes of variability. Outgoing longwave radiation 
(OLR) data (Gruber and Krueger 1984) are used to 
relate the variability of the large-scale convection to 
the variability of large-scale circulation over the trop-
ical western Pacific. As the OLR data are available on 
a 2.5° x 2.5° latitude-longitude grid, they describe 
only large-scale convective features. These data are in-
terpolated to the GBA Mercator grid. The 12-h OLR 
data are averaged to provide one field per day centered 
at 0000 UTC. 
The circulation and convection anomaly values are 
created by subtracting the seasonal cycle averaged over 
the 9-yr period. As this study is concerned with the 
structure of the large-scale circulation over the tropical 
western Pacific with no particular emphasis on a pre-
ferred time or space scale, no prefiltering of either the 
wind or OLR data is performed. Because of the lack of 
statistical independence between the individual 2754 (9 
years times 306 maps) maps, several techniques are 
used to ensure the significance of the results. These 
procedures are defined where they are applied to the 
cluster analysis. 
3. Structure of the large-scale circulation variability 
As a basis for the description of large-scale circula-
tion variability by a small set of recurrent patterns, the 
intrinsic structure of the variability of the tropical west-
ern Pacific circulation is defined using an EOF analysis 
technique (Lorenz 1957). Because of the weak height 
gradients in the Tropics, wind data are preferable for 
identifying the variability of tropical circulation fea-
tures. Whereas a scalar EOF analysis of wind data is 
constrained to evaluate separately zonal and meridional 
wind components (Pazan et al. 1982; Wylie et al. 1985; 
Schott et al. 1987), a vector EOF analysis (Hardy 
1977; Hardy and Walton 1978; Legler 1983) applied 
to the anomalous 700-mb GBA wind data simultane-
ously defines both components of circulation variabil-
ity. In a vector EOF analysis, zonal ( u) and meridional 
( v) wind observations are combined into complex num-
bers (u + iv), and the covariance matrix of the obser-
vations is Hermitian. Diagonalization of such a matrix 
yields real eigenvalues and complex eigenvectors 
whose real and imaginary parts represent the zonal and 
meridional winds, respectively. Klink and Wilmott 
( 1989) compared scalar EOF analysis of separate wind 
components with vector EOF analyses of the total wind 
field and showed that separate analyses of the wind 
components may lead to biased results. 
Although the vector EOF analysis technique has not 
been as widely applied as the scalar EOF technique 
(e.g., Richman 1986, and references therein), only a 
brief description is provided here as several detailed 
descriptions exist within the literature (Hardy 1977; 
Legler 1983; Klink and Wilmott 1989). Regardless of 
the type of data, a spatial-mode EOF analysis (Rich-
man 1986) provides two primary descriptions of the 
structure of variability within a large dataset. Spatial 
patterns, which are defined as eigenvectors of the co-
variance matrix and labeled EOFs, identify the distri-
bution of "centers of action'.' where variability is con-
centrated. The patterns are constrained to be orthogonal 
and are arranged in decreasing order according to the 
amount of total variance within the dataset they explain 
as defined by the respective eigenvalue. The relative 
partition of the variance in any one realization of the 
original dataset is defined by coefficients called prin-
cipal components that are associated with each spatial 
pattern. Time series of the coefficient for a specific 
EOF describe the variability of the variance contribu-
tions of that spatial pattern over time. 
The linear vector EOF decomposition of the anom-
alous 700-mb wind data allows the time series of anom-
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aly fields to be expanded as a product of the EOFs 
( spatial patterns) and the principal components ( time 
coefficients): 
uo 
V(x, t) = I, Au(t)Eu(x), (1) 
u-1 
where the vector x represents the spatial data (i.e., an-
alyzed wind observations at grid points), Ev is the vth 
EOF, and Av(t) is the corresponding principal com-
ponent, which is a function of time t. As described 
above, the summation of the product of EOFs and prin-
cipal components in ( 1 ) is arranged in decreasing order 
of the amount of variance explained by each EOF. The 
EOFs are scaled such that the standard deviation of the 
vth principal component with respect to time is equal 
to the vth eigenvalue of the covariance matrix. As in a 
scalar EOF analysis, the set of vector EOFs is not 
unique. For each time observation, the complex prin-
cipal component coefficient, which has both a magni-
tude and direction, scales the amplitude and the angle 
of each EOF element. The angular orientation is similar 
to the modification of scalar EOFs by the sign of the 
scalar principal components. As the amount of variance 
explained by a particular vector EOF decreases, the 
variability in the angular orientation of the principal 
component generally increases. 
The leading 10 vector EOFs explain 59.9% of the 
total variance (Table 1). Standard deviations asso-
ciated with each eigenvalue are estimated following 
the method of North et al. ( 1982). Although the total 
number of data samples is 9 (years) times 306 
( twice-daily analyses), the number of independent 
samples used to estimate the sample standard devi-
ations is conservi:ttively estimated to be 120. This 
value assumes a decorrelation time of approximately 
15 days, which is twice as long as the decorrelation 
time estimated for midlatitude atmospheric variabil-
ity (Leith 1973). 
Because the complex principal components will be 
· used in the fuzzy cluster analysis, their structure is used 
to examine the physical characteristics of the vector 
EOFs. The amplitude mean and standard deviation of 
each principal component series are computed. The an-
gular orientation for all analyses with principal com-
ponent amplitudes larger than the mean plus one stan-
. dard deviation are used to define the preferred orien-
tations associated with the significantly large 
amplitudes. Vector EOF 1 is only oriented in two op-
posite directions (0° and 180°), which is analogous to 
the modulation of scalar principal components by a 
multiplication of - 1. The preferred orientations of vec-
tor EOF 2 are also 0° and 180° with a small percentage 
of analyses oriented toward 45°. 
A compositing technique is used to facilitate inter-
pretation of the vector EOF spatial patterns. For each 
vector EOF a composite 700-mb wind anomaly chart 
is calculated for each octant that contains significantly 
TABLE l. Percent of the total variance in the anomalous 700-mb 
winds explained by each vector EOF as defined by the eigenvalues 
of the covariance matrix. The standard deviation associated with the 
explained variance is computed from the 1:stimated error associated 
with each eigenvalue. 

































large coefficient amplitudes (i.e., preferred phase an-
gles in Fig. 1 ) . Because the composites include only 
analyses that have large principal component magni-
tudes and preferred phase angles, they are considered 
to be characteristic of the variability in the anomalous 
circulation patterns. A composite OLR anomaly chart 
is also computed to compare the anomalous wind cir-
culations with the anomalous large-scale convective ac-
tivity. The comparison with the OLR data provides an 
independent source of information to aid in interpre-
tation of the vector EOF patterns since the satellite ra-
diances are not included in either the GBA analyses or 
the vector EOF computations. Statistical significance 
of the primary physical attributes discussed, with re-
spect to all composite maps in this study, is established 
using the method of Livezey and Chen (1983). This 
method was also used in HE91 and is briefly described 
in appendix A. 
During times when the first vector EOF significantly 
contributes to the total variance of the large-scale trop-
ical western Pacific circulation, it is either oriented at 
0° or 180°. Composite 700-mb winds and OLR values 
indicate that a 0° orientation describes an active mon-
soon trough with anomalous cyclonic circulations over 
India and the Bay of Bengal, the South China Sea, and 
the Philippine Sea (Fig. la). The anomalous trough is 
oriented from the northwest to the southeast across the 
Bay of Bengal and the South China Sea, and enhanced 
convection is found throughout the monsoon trough re-
gion that extends into the central Pacific. The anticy-
clonic circulation anomaly near 27°N, 130°E indicates 
that the western portion of the subtropical ridge is 
stronger than normal. Opposite conditions are de-
scribed by a 180° orientation of vector EOF 1 ( Fig. 1 b). 
Anomalous, large-scale anticyclonic circulations be-
tween 80° and 140°E and the equator and 20°N suggest 
that the monsoon trough is very weak during these con-
ditions. Furthermore, the amount of deep convection 
represented by the OLR is below normal over the mon-
soon trough region. A large region of enhanced con-
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FIG. I. Composite of 700-mb wind anomalies for all times when the amplitude of the vector EOF I principal 
component is larger than its mean plus one standard deviation and (a) the phase orientation is toward 0° or 
(b) the phase orientation is 180°. Vector units are meters per second. Dense shading with small dots mark 
enhanced convection regions with OLR anomalies less than -5 W m- 2 • Less dense shading with large dots 
mark below-average convection with OLR anomalies greater than 5 W m- 2• Composite (a) is made from a 
collection of 1597 separate anomaly fields, and composite (b) is made from 1156 fields. 
vection is found over the equatorial Indian Ocean cen-
tered at 80°E. This anomalous OLR pattern associated 
with the 180° orientation of vector EOF 1 is similar to 
a pattern of anomalous convection associated with the 
30-60-day oscillation over this region (Rui and Wang 
1990). 
The second vector EOF is oriented toward 0°, 45°, 
or 180° when it contributes a significant amount of the 
total variance of the anomalous 700-mb circulation. 
Composites of 700-mb anomalous winds and of anom-
alous OLR indicate that for each of these phase angles 
the second vector EOF predominantly describes the 
variability of the subtropical ridge (Fig. 2). When ori-
ented toward 0° ( Fig. 2a), vector EOF 2 depicts a weak 
ridge because the primary anomaly is cyclonic over the 
subtropical western North Pacific near 25°N, 165°E, 
and enhanced convective activity is associated with this 
700-mb cyclonic anomaly. Although only weak cir-
culation anomalies are found over the monsoon trough 
region, reduced convection is found over a large area 
along 10°N between 65° and 160°E. At an orientation 
of 45° ( Fig. 2b), the second vector EOF also describes 
a weaker than normal subtropical ridge near 20°N, 
148°E and a stronger than normal ridge farther north. 
Notice that the location of the anomalous 700-mb cy-
clonic circulation is shifted toward the southwest, rel-
ative to the anomalous cyclonic circulation associated 
with a 0° orientation (Fig. 2a). The anomalous sub-
tropical cyclonic circulation in Fig. 2b is again asso-
ciated with enhanced convection, whereas the anticy-
clonic anomaly to the north has reduced convection. At 
an orientation of 180° ( Fig. 2c), the second vector EOF 
describes an enhanced subtropical ridge with a large, 
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FIG. 2. As in Fig. l except for the vector EOF 2 structure oriented at (a) 0° with 1349 cases, 
(b) 45° with 331 cases, and (c) 180° with 1074 cases. 
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150°E. This is also a region of below-normal convec-
tion. 
suggest a coupling of the subtropical ridge anomalies 
with midlatitude circulation anomalies east of Japan. 
The midlatitude anomaly is always in an opposite sense 
to the subtropical anomaly. This aspect of the vector 
These spatial patterns of anomalous 700-mb circu-
lations for each orientation of the second vector EOF 
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EOF 2 spatial pattern resembles the western North Pa-
cific teleconnection pattern described by Wallace and 
Gutzler ( 1981). 
After vector EOF 2, preferred vector EOF orienta-
tions are found to be toward many directions, which 
suggests a change in the basic structure of large-scale 
circulation variability represented by the first two vec-
tor EOFs from that of the subsequent modes. For 
example, the preferred angular orientations of vector 
EOF 3 are in the four cardinal directions separated by 
90° (not shown). The large-scale 700-mb anomalous 
circulation patterns oriented at 0° ( 180°) are consistent 
with observations of anomalous weather conditions 
near Japan that have been related to variations in trop-
ical heating over the Philippine Sea ( Gambo and Kudo 
1983; Kurihara and Tsuyuki 1987; Nitta 1987, 1990). 
There is also a weak indication of an inverse relation-
ship between the Indian and western Pacific monsoon 
circulations. Orientations of vector EOF 3 toward 90° 
and 270° are associated with midlatitude circulations 
that are located west to east along 40°N and penetrate 
southward into the subtropics. 
The rather clear association of the primary vector 
EOF modes with characteristic features of the large-
scale circulations in the tropical western Pacific and 
Asian regions suggest that this small set of EOFs may 
provide a reasonable basis for a comprehensive clas-
sification of circulation patterns. Furthermore, the com-
posite, anomalous convection anomalies based on OLR 
data that are associated with each vector EOF are phys-
ically consistent with the anomalous circulation anom-
alies. Setting v0 = 4 in the EOF expansion ( 1 ) provides 
a representation of the variability of the 700-mb anom-
alous large-scale circulation that explains 37.4% of the 
total variance ( Table 1 ) . This rather slow convergence 
of the vector EOF expansion is due to the large spatial 
domain of the analysis, which includes large variances 
associated with midlatitude regions and the area over 
the Asian continent. The convergence is much more 
rapid if a limited region that covers only the tropical 
Indian Ocean and the tropical western Pacific between 
0° and 30°N is considered (Table 2). Vector EOF 3 
contains some indication of an inverse relationship be-
tween the Indian and western Pacific monsoon circu-
lations that Joseph and Liebmann ( 1991) have related 
to tropical cyclone characteristics. However, the gap 
between the amount of variance explained by vector 
EOFs 2 and 3 and the preferred orientation of vector 
EOF 3 along each cardinal direction suggest a parti-
tioning of the vector EOFs into two groups that are 
consistent with their representations of various physical 
characteristics. The first group contains vector EOFs 1 
and 2, which primarily describe the variability associ-
ated with the monsoon trough and subtropical ridge. 
The second group contains the variability structures as-
sociated with high-order vector EOFs. For example, the 
EOF 3 structure appears to depict variability associated 
with such factors as midlatitude circulations or the at-
TABLE 2. Percent of the total variance in the anomalous 700-mb 
winds between 0° and 30°N and 60°E and 180° explained by the first 
four vector EOFs. 










mospheric response to tropical heating anomalies. To 
keep the circulation representations as simple as pos-
sible, the fuzzy cluster analysis will be applied only to 
the first two vector EOFs. 
4. Anomalous Barge-scale circulation patterns 
The existence of recurrent periods with similar trop-
ical cyclone characteristics has been established in 
HE91. In this section, recurrent, anomalous, large-scale 
circulations over the tropical western Pacific are iden-
tified. The clustering technique is used to define recur-
rent, anomalous large-scale circulation patterns, which 
are not necessarily required to be persistent. This is a 
rather different condition from investigations of the 
variability of large-scale midlatitude circulations in 
which persistence was the primary criterion for clas-
sification of circulation patterns (Horel 1985a,b; Mo 
1986; Vautard 1990). 
The two leading VEOFs of anomalous 700-mb 
large-scale circulations provide a two-dimensional 
phase space that simplifies the basic structure of the 
variability of the entire dataset while preserving as 
much of the original structure as possible. Recurrent 
circulation patterns will be defined as clusters within 
this two-dimensional depiction of the anomalous cir-
culation. 
a. Cluster analysis 
Clustering techniques are generally classified as ei-
ther partitioning or hierarchical methods. Hierarchical 
methods may be agglomerative, in which each point is 
initially treated as an individual cluster, and clusters are 
merged to satisfy an optimization criterion. By contrast, 
divisive hierarchical methods begin with all points be-
longing to one cluster and then proceed to split the 
cluster. Whereas partition methods define the best dis-
tribution of the data within a specified set of k groups, 
hierarchical methods define the number of groups as 
the analysis proceeds. 
A partition method is particularly effective when ap-
plied to a dataset that tends to form natural groupings 
( Kalkstein et al. 1987). The concentration of the lead-
ing vector EOF coefficients along distinct phase ori-
entations suggests that this dataset may be well suited 
to a partition cluster analysis. This was examined by a 
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preliminary application of both the average linkage hi-
erarchical method (Kalkstein et al. 1987) and the k-
means partition method ( Anderberg 1973) to the two 
leading VEOF coefficients. The k-means method re-
sulted in clusters that were more aligned with the orig-
inal phase orientations of the VEOF coefficients. Based 
on these comparisons, the k-means method was chosen 
to identify the recurrent patterns of the 700-mb anom-
alous large-scale circulation. One quite subjective as-
pect of cluster analysis is the a priori choice of the 
number of clusters to be retained in a partition analysis, 
or when to stop the division of clusters in the hierar-
chical analysis. Thus, a procedure was followed in 
which the k-means method was repeated with the ad-
dition of one cluster at each application. The iterations 
were stopped when the additional cluster either rep-
resented a subset of extreme cases taken from a pre-
viously defined cluster, or the number of members of 
the new cluster was less than I 0% of the next smallest 
cluster. 
The k-means algorithm is typically applied such that 
two basic requirements are satisfied: each cluster must 
contain at least one member, and each data object must 
belong to exactly one cluster. The second criterion is 
typically refered to as "hard clustering" since rigid 
decisions are made regarding each point's membership 
in a cluster. Relaxation of this criterion results in 
''fuzzy clustering'' since some degree of uncertainty is 
incorporated into the definition of the cluster member-
ship. In a fuzzy cluster analysis, membership coeffi-
cients define the degree to which a data point belongs 
to each cluster. Normally, the assignment of sequences 
of circulation anomalies to a particular cluster identifies 
patterns that are nearly constant. However, the fuzzy 
analysis allows identification of sequences that may 
contain attributes of several clusters. These may be as-
sociated with slowly varying circulation features that 
may identify mechanisms that cause a circulation pat-
tern to change from one cluster to another. Therefore, 
a fuzzy k-means cluster analysis is applied to the co-
efficients associated with the first two vector EOFs. 
b. Cluster algorithm 
Detailed mathematical properties of the k-means al-
gorithm with respect to both hard and fuzzy clusters is 
provided in appendix B. In this section, the clustering 
algorithm as applied in this study is defined with special 
considerations given to the reproducibility of the clus-
ters (i.e., sensitivity of the algorithm to the choice of 
seed points). Each observation is composed of the two 
complex coefficients associated with the two leading 
VEOFs at time t ( t = 1, 2, · · ·, 2754). Initially, the 
desired number of clusters k must be chosen as de-
scribed above. A random number generator is then used 
to identify k seed points that define the initial centers 
of the clusters. The cluster algorithm proceeds as fol-
lows: 
Step 1: Initial values of the membership coefficients 
are assigned to each observation based upon the dis-
tance to each seed point. The membership coefficient 
U;, (i = 1, 2, .. ·, k; t = 1, 2, · .. , 2754) corresponding 
to the closest seed point i to observation x, is set to 1, 
and all other membership coefficients for observation 
x, are set to 0. 
Step 2: The mean vector for each cluster i and the 
covariances among clusters are calculated. 
Step 3: New membership coefficients are evaluated 
using the specified optimization criteria. If no values of 
the new membership coefficients differ from the pre-
vious value by more than some small number, then the 
procedure is stopped; otherwise step 2 is repeated. 
Typically, the number of iterations required before the 
clustering algorithm converged was less than five for 
two clusters, and near 25 for 10 clusters. 
The output of the clustering algorithm consists of a 
set of k membership coefficients for each observation 
(i.e., the u;,), which define the degree to which an ob-
servation belongs to each cluster. A.n observation is as-
signed to a cluster i if the membership coefficient for 
that cluster is at least twice as large as any other mem-
bership coefficient for that observation. If no member-
ship coefficient satisfies this criterion, then the obser-
vation belongs to a diffuse cluster that may represent 
a transition between clusters. The sensitivity of the 
cluster definitions to this criterion is examined in 
appendix C. 
An iterative procedure is followed to examine the 
sensitivity of the resultant groupings to the choice of 
seed points and the independence of the observations. 
For each choice of k clusters, repeated applications of 
the algorithm described above are begun by randomly 
choosing k different seed points. The first seed point is 
chosen from the entire set of 2754 observations (sam-
ple of 9 years with 306 12-h analyses between 0000 
UTC 1 June and 1200 UTC 31 October). Beginning 
with this first seed point, every 10th observation going 
back to the start of the dataset and forward to the end 
of the dataset is chosen to compose a reduced dataset 
from which the remaining k - 1 seed points are defined. 
That is, the independence between observations is sim-
ulated by the choice of every 10th observation, which 
corresponds to every fifth day. The cluster algorithm is 
then applied to the reduced dataset. Because of the 
rapid convergence of the clustering algorithm, this pro-
cedure was repeated 100 times for each choice of k 
clusters. The stability of the final definition of clusters 
was examined using the mean and standard deviations 
of the cluster centers computed from the 100 reduced 
samples. Large standard deviations associated with a 
cluster center would indicate excessive sensitivity to 
the choice of seed points or lack of independence be-
tween observations. However, the variability between 
cluster centers from the 100 reduced samples was more 
a function of the number of clusters k than of the seed 
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points or reduced sample. For values of k that are too 
small to define adequately the natural partitioning 
within the dataset, the standard deviations associated 
with the cluster centers indicate a large amount of vari-
ability among the 100 iterations. For larger values of 
k, very small standard deviations indicate that the clus-
ter algorithm could consistently identify the primary 
partitions within the leading VEOF coefficients regard-
less of seed points and reduced sample size. 
The final aspect of the clustering method to be ex-
amined concerns the number of clusters to be retained. 
Results of the stability analysis defined above indicate 
that stability of the cluster algorithm increases as the 
number of clusters increases. However, the number of 
realistic clusters within the dataset must be estimated. 
Therefore, the procedure defined above is followed to 
determine the optimal number of clusters to be retained. 
That is, the number of clusters is increased until the 
additional cluster either represents a subset of extreme 
cases from a previously defined cluster, or the number 
of members within the new cluster is less than 10% of 
the next smallest cluster. 
c. Cluster patterns 
Results of the sensitivity tests described above in-
dicated that six clusters provide an optimal partitioning 
of the two leading vector EOF coefficients. Small stan-
dard deviations associated with cluster centers based 
on the 100 partitioned samples and random seed points 
indicated no overlap between the centers. As a final 
step, the clustering algorithm is applied to the entire set 
of 2754 observations. The final set of cluster centers is 
well within one standard deviation of the mean cluster 
centers defined by the 100 reduced samples. The cluster 
centers defined as an amplitude and phase angle for 
both leading vector EOF coefficients and the number 
of members in each cluster are provided in Table 3. 
Cluster 7 is the diffuse cluster containing observations 
with no dominant membership coefficients. 
Recall that the preferred phase orientations of vector 
EOF 1 are 0° and 180° and of vector EOF 2 are 0°, 45°, 
and 180°. Vector EOF 1 is oriented toward 0° in clusters 
1, 2, and 6 and toward 180° in clusters 3, 4, and 5. 
Vector EOF 2 is oriented toward 0° in cluster 4 and 5; 
toward 180° in clusters 1, 2, and 3; and toward 45° in 
cluster 6. Therefore, the cluster analysis correctly iden-
tifies the major partitions within the separate compo-
nents of the two leading vector EOFs. 
The amplitudes associated with cluster 5 are much 
smaller than the amplitudes associated with the other 
clusters (Table 3). Cluster 5 also contains more mem-
bers than any other cluster except for the diffuse cluster 
7. These characteristics suggest that members of cluster 
5 contain small anomalies with circulation patterns that 
are close to the climatological mean. The significance 
of such a cluster has been discussed by Molteni et al. 
( 1990) with regard to nonlinear aspects of low-fre-
TABLE 3. Cluster centers defined as the average amplitude and 
phase angle of the two leading vector EOFs. The number of members 
within each cluster was determined from the membership 
coefficients. Cluster 7 represents the diffuse cluster containing 
observations that have no dominant membership coefficients. 
Amplitudes are nondimensional. Phase angles are defined such that 
0° points to 12 o'clock. 
VEOFI VEOF2 
Amplitude Phase Amplitude Phase Members 
Cluster I 22.5 4.6° 10.3 200.9° 408 
Cluster 2 6.2 11.2° 7.5 195.1° 272 
Cluster 3 15.2 185.2° 5.5 185.7° 251 
Cluster 4 21.2 187.3° 9.2 13.1° 194 
Cluster 5 3.0 189.6° 4.6 24.9° 714 
Cluster 6 15.8 4.40 9.9 44.0° 187 
Cluster 7 728 
quency dynamics associated with midlatitude circula-
tion regimes. Linear models of atmospheric variability 
result in symmetric modes about the mean state of the 
system because the linear dynamical equations are 
symmetric with respect to the sign of the perturbation 
imposed on the basic state. Nonlinear models of cir-
culation variability identify asymmetric modes that 
have been described as transitions between a number 
of attractors (Lorenz 1963; Legras and Ghil 1985; Mo 
and Ghil 1988). Therefore, the nonnormal probability 
density estimates ( e.g., bimodal distributions associ-
ated with blocking and zonal flow patterns) of atmo-
spheric parameters reflect the dominance of nonlinear 
interactions within the atmospheric dynamical system. 
This can be interpreted as the self-interaction of an 
anomaly with itself, which tends to feed back onto the 
anomaly amplitude. The cluster analysis of Molteni et 
al. (1990) also includes a large cluster that lies close 
to the climatological mean. Based upon the above ar-
guments, Molteni et al. conclude that this large cluster 
that straddles the mean state represents the portion of 
atmospheric variability where linear interactions are 
dominant. In their cluster analysis of midlatitude flow 
patterns based upon anomaly correlations, Mo and Ghil 
( 1988) specifically require the existence of such a clus-
ter. The existence of this cluster as determined by the 
fuzzy cluster algorithm applied to the leading vector 
EOFs is solely determined by the internal distribution 
of the data, as was the cluster defined by the method 
employed by Molteni et al. ( 1990). 
l) 700-mb CIRCULATION PATTERNS 
The anomalous 700-mb large-scale circulation pat-
terns and OLR anomalies associated with each cluster 
are defined by compositing all members of each cluster. 
The number of fields contained in each composite is 
defined by the number of members in each cluster pro-
vided in Table 3. Cluster 1 is dominated by an active 
monsoon trough at 700 mb (Fig. 3a). Anomalous cy-
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FIG. 3. Composite of the 700-mb wind anomalies (m s- 1) based on each of the six cluster centers. Dense 
shading with small dots denote areas where the OLR anomalies are below -5 W m- 2• Less dense shading 
with large dots denote areas where the OLR anomalies are above 5 W m- 2• The number of cases used to 
make each composite are listed in Table 3. 
clonic circulations define the extent of the monsoon 
trough, which is oriented from central India to the Phil-
ippine Sea. Negative OLR anomalies representing en-
hanced convection exist along the axis of the large-
scale region of cyclonic anomalies. Anticyclonic anom-
alies along 20°N between 110° and 160°E indicate that 
the subtropical ridge is stronger than normal. However, 
no large positive OLR anomalies are associated with 
this anomalous ridge circulation. Cyclonic anomalies 
are found east of Japan between 30° and 40°N. These 
anomalies seem to be coupled with the tropical cy-
clonic and subtropical anticyclonic anomalies to the 
southwest, which is suggestive of a Rossby wave-like 
pattern that may be tied to the large region of enhanced 
convection associated with the monsoon trough (Nitta 
1987). The enhanced monsoon trough, which is distin-
guished by the large cyclonic anomalies and negative 
OLR anomalies, suggests that cluster 1 would be as-
sociated with active tropical cyclone periods. Because 
of the strong subtropical ridge, cluster 1 would be iden-
tified with straight-moving tropical cyclones. 
The orientation of each vector EOF in cluster 2 is 
similar to the orientations defined with cluster 1, but 
the amplitudes of the vectors are smaller ( Table 3). 
Similarly, the cluster 2 anomalies (Fig. 3b) are also 
smaller than the cluster 1 anomalies. Although the 
strength of the anomalous monsoon trough in cluster 2 
is smaller than cluster 1, the subtropical anomalous an-
ticyclonic circulation in cluster 2 covers a larger area 
than the corresponding feature in cluster 1. Large pos-
itive OLR anomalies are coincident with the anticy-
clonic anomalies over the subtropical western Pacific, 
which indicates less convection than normal. The cy-
clonic anomalies and negative OLR anomalies over the 
monsoon trough region suggest cluster 2 would also be 
associated with tropical cyclone activity. Furthermore, 
the strong ridge suggests that straight-moving tracks 
would be most likely. 
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FIG. 3. (Continued) 
Anticyclonic anomalies cover the entire region of the 
monsoon trough from central India through the South 
China Sea in cluster 3 (Fig. 3c). These anticyclonic 
circulations are connected to a large, anomalous anti-
cyclonic circulation between 10° and 30°N and 125°E 
and 180° that has a southwest-to-northeast orientation. 
Less convection than normal is found over this entire 
region (Fig. 3c). A large region of enhanced convec-
tion is centered on the equator near 90°E. The OLR 
anomaly pattern associated with this cluster is similar 
to one branch of an observed seesaw in large-scale con-
vection between the equatorial Indian Ocean and the 
tropical western North Pacific (Weickmann and Khalsa 
1990). The dominance of anticyclonic anomalies over 
both the region of the monsoon trough and subtropical 
ridge suggests that cluster 3 would be associated with 
inactive periods of tropical cyclones. 
The orientations of each vector EOF in cluster 4 are 
opposite to the orientations in cluster 1 (Table 3). Con-
sequently, the anomalous 700-mb large-scale circula-
tions and OLR anomalies associated with cluster 4 
(Fig. 3d) are opposite to the patterns of cluster 1 (Fig. 
3a). Anticyclonic anomalies and positive OLR anom-
alies extend from central India to the South China Sea 
and Philippine Sea, which indicates a weak monsoon 
trough. A large cyclonic anomaly and negative OLR 
anomalies along 25°N between 130°E and 180° indicate 
that the subtropical ridge is weaker than normal. An-
ticyclonic anomalies also occur at 40°N to the east of 
Japan. A weak monsoon trough and weak subtropical 
ridge suggest that tropical cyclogenesis would tend to 
occur at higher latitudes over the subtropical western 
North Pacific and recurving tracks would be most 
likely. 
The amplitudes associated with the vector EOFs de-
scribing cluster 5 are much smaller than the other clus-
ters (Table 3). Although the anomalous 700-mb cir-
culation pattern has a cyclonic anomaly centered at 
20°N, 160°E and an anticyclonic anomaly over the Bay 
of Bengal, the amplitudes of the anomalies associated 
with cluster 5 are small ( Fig. 3e). Furthermore, no 
regions of significant negative or positive OLR anom-
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FIG. 3. (Continued) 
alies are present. The small wind and OLR anomalies 
associated with cluster 5 are consistent with the inter-
pretation that this cluster straddles the climatological 
mean state over the tropical Indian Ocean and western 
Pacific. Because of the small anomalies associated with 
the cluster 5 circulation patterns, it is not possible to 
estimate whether cluster 5 would be associated with 
active or inactive periods or whether a specific tropical 
cyclone track type would be preferred. It will be shown 
below that cluster 5 is associated with periods contain-
ing variable activity and track types, which is also con-
sistent with the interpretation of this cluster's relation-
ship with the climatological mean state. 
Cluster 6 represents an active monsoon trough plus 
a weak subtropical ridge ( Fig. 3f). Cyclonic anomalies 
are oriented east-west from central India to the Phil-
ippine Sea. These anomalies associated with the mon-
soon trough are connected to cyclonic anomalies that 
are oriented from the southwest to the northeast over 
the subtropical western Pacific. The largest negative 
OLR anomalies ( enhanced convective clouds) are lo-
cated with the subtropical cyclonic anomalies. The en-
hanced monsoon trough is associated with tropical cy-
clone activity over lower latitudes, and the weak sub-
tropical ridge is identified with recurving tracks. 
Furthermore, the extent of the weak ridge and the neg-
ative OLR anomalies over the subtropical western Pa-
cific indicate an enhanced potential for tropical cyclo-
genesis over the subtropical latitudes. 
It is important to note that composite, anomalous 
convection centers described by the independent OLR 
data are physically consistent with both tropical and 
subtropical anomalous circulation features. Anomalous 
cyclonic circulations are typically regions of enhanced 
convection, and reduced convection occurs with anti-
cyclonic anomalies. 
The relationship between internal fluctuations asso-
ciated with a particular cluster pattern and the total vari-
ability in the 700-mb wind anomaly dataset is described 
in appendix C. This analysis identifies the circulation 
features that remain consistent for a given recurrent 
pattern without regard to the length of time that the 
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FIG. 4. Composite of the 200-mb streamfunction anomalies for (a) 
cluster l, (b) cluster 2, and (c) cluster 3. The contour interval is l 
X 106 m2 s-•. Negative contours are dashed. 
pattern may persist. The most consistent anomaly fea-
tures are associated with the depiction of the monsoon 
trough. Anomalies denoting a strong subtropical ridge 
fluctuate more than anomalies that identify a weak sub-
tropical ridge. These aspects may indicate that the in-
herent predictability of tropical cyclone occurrence, if 
it is based only on large-scale circulations as defined 
by the cluster patterns, may be larger than the predict-
ability of track type. This is because track type depends 
upon the state of the subtropical ridge, which exhibits 
fluctuations that approach the climatological variabil-
ity. Finally, only features associated with the primary, 
large-scale circulations of each cluster, as defined in 
Fig. 3, exhibit any reduction in variability compared to 
the climatological variance. 
2) 200-mb STREAMFUNCTIONPATIERNS 
Whereas distinct patterns at 700 mb might have been 
expected because the clusters were defined at that level, 
the corresponding 200-mb streamfunction anomalies 
for each cluster are independent of the cluster proce-
dure. Over the tropical latitudes, comparisons between 
the 700-mb circulation anomalies (Fig. 3) and the 200-
mb circulation anomalies (Fig. 4) indicate a baroclinic 
structt1re. The active monsoon trough, which is repre-
sented by anomalous 700-mb cyclonic circulations in 
clusters 1, 2, and 6 (Figs. 3a,b, f), is associated with 
weak anticyclonic anomalies at 200 mb (Figs. 4a,b; 
Fig. 5b). Cyclonic circulation anomalies at 200 mb 
(Figs. 4c and 5a) are associated with the inactive mon-
soon trough and 700-mb anticyclonic anomalies rep-
resented in clusters 3 and 4 ( Figs. 3c,d). 
Clusters 1, 2, and 3 are associated with anomalous 
cyclonic (anticyclonic) circulations at 200 mb over the 
midlatitude (subtropical) latitudes of the western North 
Pacific (Figs. 4a,b,c). Opposite conditions exist for 
clusters 4 and 6 ( Figs. 5a,b). Anomalous anticyclonic 
(cyclonic) circulations are found at 200 mb over the 
midlatitudes ( subtropical latitudes) of the western 
North Pacific for these clusters. Therefore, cyclonic 
200 MB STREAMPUNCTION ANOMALY, CLUSTER 4 




FIG. 5. As in Fig. 4 except for (a) cluster 4 and (b) cluster 6. 
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anomalies over the subtropical western North Pacific, 
represented by clusters 4 and 6, may be a reflection of 
a northward shift in the subtropical ridge in conjunction 
with anomalous, upper-level ridging over the midlati-
tudes. The presence of a strong subtropical ridge is as-
sociated with anomalous troughing over the midlati-
tudes. The large-scale circulation anomalies suggest 
that the cluster patterns that represent the variability of 
the subtropical ridge do not include the variability as-
sociated with transient midlatitude troughs that dig into 
the subtropics and cause short-term breaks in the ridge. 
Rather, the cluster partitions reflect variability that ap-
pears to be associated with the variance of the ,large-
scale long-wave circulation patterns. 
Although present in several of the clusters, Rossby 
wave-like patterns over the eastern North Pacific and 
North America are especially evident in the 200-mb 
streamfunction anomalies of clusters 2 and 6 (Figs. 4b 
and 5b). Similar features ( although weaker) are also 
evident in the 700-mb streamfunction anomalies (not 
shown), which implies an equivalent barotropic struc-
ture associated with the Rossby wave- like pattern. The 
precise cause or significance of these features is not 
directly evident from the current analysis. 
3) 700-mb AND 200-mb VELOCITY POTENTIAL 
PATTERNS 
The structures of the divergent circulation anomalies 
associated with each cluster pattern are also examined 
with the 700-mb and 200-mb velocity potential anom-
alies. .The anomalous velocity potential illustrates 
regions of anomalous convergence and divergence with 
the irrotational flow directed perpendicular to the con-
tours from positive to negative values. Because this 
analysis does not use a lower-tropospheric level for the 
reasons given in section 2, the magnitudes of the ve-
locity potential anomalies are much less at 700 mb than 
at 200 mb. For all cluster patterns, cyclonic ( anticy-
clonic) anomalies and regions of enhanced (reduced) 
convection are coincident with anomalous convergence 
(divergence) at 700 mb and divergence (convergence) 
at 200 mb. Only the patterns for clusters 1 and 4, which 
are defined by opposite orientations of the vector EOFs 
(Table 3), are discussed in detail. 
A large region of anomalous convergence ( diver-
gence) at 700 mb (200 mb) over the maritime conti-
nent is associated with cluster 1 (Fig. 6). This irrota-
tional flow pattern is consistent with the active mon-
soon trough and the large area of enhanced convection 
in Fig. 3a. An opposite velocity potential pattern exists 
over ·the eastern equatorial Pacific where anomalous 
divergence (convergence) occurs at 700 mb ( 200 mb). 
The vertical motion suggested by the dipole in velocity 
potential anomalies between the western and eastern 
equatorial Pacific implies that an anomalous Walker 
circulation exists with the primary upward branch over 
Indonesia and the downward branch over the eastern 
Pacific. 
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FIG. 6. Composite velocity potential anomalies at (a) 200 mb and 
(b) 700 mb for cluster I. The contour interval is 0.2 X 10- 6 m2 s-•. 
Negative contours are dashed. 
The anomalous 200-mb velocity potential identified 
with cluster 4 has a large-scale structure (Fig. 7a) that 
is almost opposite to the cluster 1 anomalies (Fig. 6a). 
The primary, anomalous convergent cell of this wave-
number 1 pattern is centered over the South China Sea. 
Anomalous divergence is found at 700 mb over the 
same region (Fig. 7b). This anomalous 700-mb (200 
mb) divergence (convergence) pattern over the tropi-
cal western Pacific is consistent with the inactive mon-
soon trough and positive OLR anomalies over that re-
gion (Fig. 3d). 
The 200-mb large-scale velocity potential anomalies 
associated with clusters 1 and 4 exhibit a global zonal 
wavenumber 1 pattern. Because of this pattern, it is 
interesting to compare these clusters with the global-
scale 30-60-day oscillation originally observed by 
Madden and Julian (1972) and identified with global 
wavenumber 1 upper-tropospheric divergent circula-
tions (Lorenc 1984; Krishnamurti et al. 1985). The 
large-scale velocity potential anomalies associated with 
these two clusters may be qualitatively compared with 
the opposite phases of this global oscillation. Cluster 1 
is similar to the active phase of the oscillation that has 
enhanced convection over Indonesia, which occurs 
when the large-scale, upper-level divergent anomaly is 
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FIG. 7. As in Fig. 6 except for cluster 4. 
positioned over Indonesia ( Fig. 6a). Cluster 4 is similar 
to the inactive phase with reduced convection associ-
ated with the large-scale, upper-level convergent por-
tion of the wavenumber 1 pattern (Fig. 7a). The lack 
of clear global wavenumber 1 patterns at 700 mb for 
clusters 1 and 4 is consistent with the observation that 
the primary large-scale signal associated with the 
global oscillations exists in the upper troposphere 
(Knutson and Weickmann 1987; ~ui and Wang 1990). 
Of course, these descriptions are based solely on static 
depictions of the variability of the anomalous large-
scale circulations over the Indian Ocean and western 
Pacific, rather than more continuous representations of 
the phases of the oscillation. 
5. Clusters and tropical cyclone characteristics 
The relationship between the clusters and tropical 
cyclone track characteristics is examined by construct-
ing a contingency table of the numbers of cyclones with 
each track type that occurred during periods when the 
anomalous 700-mb large-scale circulation pattern be-
longed to each cluster (Table 4). Tropical cyclones 
occurring between 1 June and 31 October 1979-87 are 
used, and the assignment of a particular track to a clus-
ter is based upon the cluster that exists at the time when 
the tropical cyclone reached tropical storm intensity 
( 35 kt). Four tropical cyclone track types are defined 
(Fig. 8). Straight-moving tropical cyclones maintain a 
directional heading that is west of north. Recurving 
tropical cyclones undergo a directional change from 
west of north through north to east of north as the trop-
ical cyclone moves through the subtropical ridge. Fol-
lowing HE91, two types of recurving tropical cyclones 
are defined. Recurving tropical cyclones that formed 
south of 20°N are defined as recurve-south and those 
that formed north of 20°N are defined as recurve-north. 
Finally, tropical cyclones that form and remain within 
the South China Sea ( not shown in Fig. 8) are listed 
separately because they generally follow meandering 
tracks due to the weak steering flow over that region. 
Although the tropical cyclone data are from the same 
time period used to define the clusters, the clusters have 
been derived from the internal, large-scale circulation 
variability within the entire dataset that contains many 
more analyses without tropical cyclones than with cy-
clones. Consequently, this comparison does not repre-
sent a true independent dataset. However, it is also not 
a true dependent dataset since the circulation patterns 
are not directly derived from tropical cyclone-based 
criteria, as were the patterns defined by HE91. 
The contingency table relating cluster number to 
track type during 1979-87 is provided in Table 4. Be-
cause of the similarity in circulation patterns associated 
with clusters 1 and 2 ( active monsoon trough and 
strong subtropical ridge) and also clusters 4 and 6 
( weak subtropical ridge), these clusters are grouped 
together for purposes of classifying the track types with 
each cluster. A hypothesis test using a chi-square cri-
teria (Freund 1971) is applied to examine whether a 
null relationship exists between track type and cluster 
number. The chi-square value at the 0.05 significance 
level with 12 degrees of freedom (5 X 4 table) is 21.03. 
Because the test statistic computed from Table 4 is 
41.55, the hypothesis that there is no relationship be-
tween track type and cluster number is not accepted. 
Furthermore, the significance level in this test actually 
exceeds 0.001 (chi-square value of 32.91). This clus-
ter-based classification also exceeds the significance 
level based upon the relationship between track types 
TABLE 4. Numbers of western North Pacific tropical cyclones 
during June-October 1979-87 following each track type identified 
with each cluster number. Tropical cyclones following other types of 
tracks are omitted. 
Cluster number 
Track type 1, 2 3 5 4,6 7 
Straight-mover 31 I 9 6 6 
Recurve-south 13 I 8 25 12 
Recurve-north 2 4 7 19 4 
South China Sea 6 2 1 9 6 
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Fm. 8. Tracks of tropical cyclones (12-h intervals) that followed 
(a) straight tracks in association with cluster I, (b) recurve-south 
tracks in association with cluster 6, and ( c) recurve-north tracks in 
association with cluster 4. Schematic streamlines represent the anom-
alous monsoon trough and subtropical ridge circulations associated 
with each cluster. The centers of anomalous cyclonic circulations are 
marked by "C," and centers of anomalous anticyclonic circulations 
are marked by "A." 
and the tropical cyclone-based circulation patterns de-
fined by HE9 l. 
The majority of straight-moving tracks are associ-
ated with clusters .1 and 2, and the majority of recurving 
tracks are associated with clusters 4 and 6 ( Fig. 8). 
Because the western North Pacific tropical cyclone ba-
sin is so large, multiple tropical cyclones frequently 
exist. Whereas the cluster analysis defines a single 
large-scale circulation pattern each 12 h, the multiple 
tropical cyclones may not have the same track types. 
For example, 10 of the 13 recmving-south cyclones 
associated with clusters 1 and 2 occurred concurrently 
with existing straight-moving cyclones. Similarly, four 
of the six straight-moving cyclones associated with 
clusters 4 and 6 occurred when one or more recurving 
cyclones also existed. These cases that do not fit the 
dominant track type also tend to be associated with 
changing cluster patterns, which is also the case for the 
large number of recurving-south tracks occurring in 
cluster 7 ( transition periods). Therefore, there are 
nearly an equal number of cyclones following recurv-
ing-south tracks in clusters 4 and 6 as are associated 
with changing patterns in clusters 1, 2, and 7. This im-
plies that the predictability of recurving-south tracks 
may be less than the predictability associated with the 
straight-moving or recurve-north track types. 
The numbers of tropical cyclones occurring over the 
South China Sea are nearly equal for clusters 1, 2 and 
4, 6. In this case, the combination of clusters 4 and 6 
is misleading, since all the South China Sea cyclones 
are associated with cluster 6. The equal distribution of 
South China Sea cyclones between clusters 1, 2, and 6 
is consistent with the 700-mb cyclonic anomalies over 
that region (Figs. 3a,b, f). 
The relatively few occurrences of tropical cyclones 
associated with cluster 3 are consistent with the large 
region of 700-mb anticyclonic anomalies (Fig. 3c) and 
the large-scale descent associated with the 200-mb and 
700-mb velocity potential anomalies. The nearly equal 
distribution of track types associated with cluster 5 is 
also consistent with the previous interpretation of clus-
ter 5 being related to the climatological mean. During 
periods when the large-scale 700-mb circulation anom-
alies reside in cluster 5 ( Table 3), significantly fewer 
occurrences of tropical cyclones following any of the 
four track types are occurring. This suggests that the 
tropical cyclone genesis, or intensification to tropical 
storm intensity, may be less likely (but still possible) 
when the large-scale circulation is near the climatolog-
ical mean. No predictability of track type exists when 
cluster 5 exists, because equal numbers of track types 
are found (Table 4). 
6. Discussion and summary 
A fuzzy clustering algorithm has been applied to the 
coefficients of the two leading vector EOFs of the 
anomalous 700-mb large-scale circulation over the In-
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dian Ocean and western North Pacific Ocean. Based 
upon a series of procedures designed to estimate the 
stability of the cluster algorithm, a set of six clusters 
have been defined and a large diffuse seventh cluster 
has been defined to contain observations that do not 
clearly belong to one of the six primary clusters. The 
cluster analysis captures the basic partitioning of the 
anomalous circulation variability since the cluster 
means are composed of the preferred phase angles of 
the leading two vector EOFs. 
The clusters are shown to be associated with physi-
cally consistent patterns by compositing the anomalous 
700-mb winds, OLR, 700-mb streamfunction and ve-
locity potential, and 200-mb streamfunction and veloc-
ity potential. Cyclonic anomalies at 700 mb are typi-
cally coincident with enhanced convection, anomalous 
convergence at 700 mb, and anomalous divergence at 
200 mb. Anticyclonic anomalies at 700 mb are typi-
cally coincident with reduced convection, 700-mb 
anomalous divergence, and 200-mb anomalous con-
vergence. The large-scale circulation anomalies that are 
south of 20°N have a baroclinic structure, and circu-
lation anomalies north of 20°N have an equivalent 
barotropic structure. These clusters have been defined 
in terms of the variance of the anomalous 700-mb 
large-scale circulation. By definition, they define re-
current patterns. Based upon physically consistent re-
lationships found in the other tropical circulation vari-
ables, it may be concluded that the clusters identify the 
basic structure of the large-scale circulation variability 
over the tropical western North Pacific region. 
A comparison between observed tropical cyclone 
track characteristics and the cluster definition at the 
time a tropical cyclone intensifies to tropical storm 
strength identifies a significant relationship between the 
track type and cluster number. This relationship, which 
is illustrated in Fig. 8, is more statistically significant 
than the one identified by HE91 between track type and 
tropical cyclone-based anomaly patterns. Thus, it is 
concluded that these basic structures are related to trop-
ical cyclone occurrence and track type. 
The relationships between the tropical cyclone char-
acteristics ( activity and track type) and the clusters, 
which define a more complete structure of large-scale 
circulation variability, provide a more comprehensive 
demonstration that these tropical cyclone characteris-
tics are controlled by the large-scale circulation. The 
velocity potential anomalies especially suggest that 
several clusters are related to global-scale tropical cir-
culation features. 
The five primary clusters ( excluding the small anom-
aly cluster 5) are defined by the combination of an 
inactive or active monsoon trough and a strong or weak 
subtropical ridge. It is possible to group the clusters 
based upon similar variability structures. For example, 
differences between clusters 1, 2, and 3, which repre-
sent a strong subtropical ridge, and clusters 4 and 6, 
which depict a weak subtropical ridge, are described in 
section 4. Another grouping would differentiate clus-
ters 1, 2, and 6, which represent an active monsoon 
trough, from clusters 3 and 4, which define an inactive 
monsoon trough. In a statistical sense, both of these 
groupings are equally valid. However, further exami-
nation of the properties of the clusters and the transi-
tions between the clusters will lead to a more complete 
depiction of the variability of the large-scale circulation 
over the tropical western Pacific. If specific sequences 
or evolutions between the recurrent cluster patterns 
could be identified, then the relationships with tropical 
cyclone characteristics could be used as a potential pre-
diction tool for tropical cyclone activity and track type. 
Whereas the HE91 study had defined the large-scale 
circulations based on the tropical cyclone characteris-
tics, this study defines recurrent, large-scale circulation 
patterns first and then associates these patterns with 
tropical cyclone characteristics. Of course, the associ-
ation with large-scale circulations is not one-to-one. 
First, the large-scale circulation is changing in time. 
When this change is associated with global-scale equa-
torial circulations, the circulation change may progress 
from west to east across the western North Pacific ba-
sin. Although the cluster analysis defines a single clus-
ter that best represents the entire region, different 
regions of the western North Pacific may have different 
circulation characteristics. Second, multiple tropical 
cyclones frequently exist in the western North Pacific. 
A single cluster determination for the entire region may 
not be appropriate in these multiple storm cases. Fi-
nally, internal interactions among tropical cyclones, or 
between tropical cyclones in certain locations and the 
large-scale circulations, may lead to nonlinear effects 
that negate large-scale circulation control alone and de-
crease predictability. The fuzzy cluster algorithm de-
fines instances when large-scale circulations are not 
well represented by one particular pattern. These are 
placed into a large, diffuse cluster that may represent 
any of the three situations described above. Definition 
of paths through the diffuse cluster that lie between the 
six physical clusters will identify preferred transition 
paths that will enhance the description of large-scale 
circulation variability over the western North Pacific 
and its impact on tropical cyclone characteristics. These 
aspects are examined in Harr and Elsberry ( 1995). 
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APPENDIX A 
Statistical Significance of Composite Results 
The statistical significance of the composite results 
is examined following the two-level procedure de-
scribed by Livezey and Chen ( 1983) and will be de-
scribed in this appendix in relation to one of the vector 
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FIG. Al. Locally significant 700-mb anomalous wind vectors (m s- 1) from the composite for vector EOF 
I oriented toward 0°. Shading denotes regions of locally significant negative OLR anomalies. A point is 
locally significant if the anomaly is significantly different from zero as defined by a t test. 
EOF composite patterns. A t test is initially applied at 
every grid point of each composite to determine if the 
anomaly value is significantly different from O ( cli-
matology). Following Livezey and Chen (1983), the 
outcomes of N 95% significance tests may be described 
by a binomial distribution with N trials and the prob-
ability of a success ( test passed) P equal to 0.05. Local 
significance, at the 95% level, will be evaluated by 
comparing the number of significant points within the 
area between 5°S and 30°N and 90° and 150°E to the 
critical value from the binomial distribution with N 
equal to 384 ( number of grid points in the region) and 
P equal to 0.05. From the binomial distribution with 
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FIG. A2. Distribution of the numbers of locally significant points 
in the 200 random composites that simulate the composite associated 
with vector EOF I oriented toward 0°. 
It is assumed that the members of each composite 
are temporally independent. Recall that composites are 
created from combinations of anomaly qiaps based on 
different occurrences of a particular criterion. These 
sets are typically separated by more than 10 days, 
which is longer than the typical decorrelation time for 
atmospheric fields (Leith 1973). 
The assumption of spatial independence among the 
grid points is examined in a second-level test, or global 
significance test. This global test is relevant only after 
establishing local significance, which assumes spatial 
indepeqdence. Global significance is examined by 
comparing the number of significant points to a distri-
bution obtained from the number of significant points 
defined in 200 random composites. The random com-
posites are constructed using the same number of maps 
as the physical composite except that the cases are cho-
sen using a random number generator. 
As an example, the locally significant points for the 
0° orientation of vector EOF · 1 composite are presented 
in Fig. Al. Clearly, more than 27 points over the region 
of interest are locally significant. Nearly all of the sig-
nificant vector wind and OLR points are within the re-
gion that describes the active monsoon trough. The dis-
tribution of significant vector wind points between 5°S 
and 30°N and 90° and 150°E for the 200-mb composites 
that simulate the vector EOF composite is shown in 
Fig. A2. None of the random composites contained 
more significant points in the region of interest, which 
leads to the conclusion that the straight-moving pattern 
is significant at a very high confidence level. 
APPENDIX B 
Cluster Method 
A generalization of many clustering methods that 
minimize the product of the determinants of the scatter 
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or covariance matrices are based on the maximum like-
lihood principle ( Scott and Symons 1971; Bock 1987). 
As a preliminary step, the hard cluster version of the 
k-means method is defined in the maximum likelihood 
context following Bock ( 1987). A fuzzy version of the 
k-means method is then defined. 
A sample of n observations (x 1, x2 , . .. , X;, . .. , Xn) 
is to be partitioned into k clusters. Each observation x, 
is defined by p variables such that X; = (xii, X;z, · · ·, 
Xij, · • ·, x,p). The approach taken to solve this problem 
is to assume that each observation is independent and 
originates from a multivariate normal distribution de-
fined as N(µ,, S1), whereµ, is the mean vector and S1 
is the covariance matrix of the distribution associated 
with cluster t. The independence constraint requires 
special attention, which is addressed in the description 
pertaining to the design of the algorithm in section 2. 
By definition, S, is a symmetric positive-definite ma-
trix. If the observation i is contained in the cluster t, 
then the index i is contained within the set C, and the 
density of X; is defined as 
1 [ } T -I ] (21r)P121s,1112 exp - 2 (X; - µ,) $, (X; - µ,) , 
(Bl) 
where T denotes a transpose of a matrix or vector. No-
tice that the cluster mean µ, and the covariance S1 are 
unknown along with the members of the set C,. 
The likelihood function is defined as the product of 
( B 1) for all observations i as 
k } 
L = fl _Il (21ry12IS,l 112 
t=l ,EC, 
The most likely values for the unknown index array C,, 
mean vector, and covariance matrix can be defined by 
maximizing L. It is more convenient to maximize the 
log-likelihood function defined as 
l l 4> == - -np log(21r) - 2 I, (I, u,1) loglS,I 2 I i 
-i LL U;,(X; - µ,)TS;- 1(x; - µ,), (B3) 
I i 
where u;, = 1 when i is contained in C, and u,, = 0 
otherwise. The u,, are subject to the constraint 
k 
L u;, = 1, i = I, · · ·, n. 
t=I 
The cluster mean is defined by setting the first deriva-







Setting the first derivative of ( B3) with respect to S, to 
0 and solving for S, yields 
n 
L U;1(X; - µ,)(X; - P,,)T 
S 
_ :..i=..ccl ________ _ 
I - n (B5) 
LU;, 
i=l 
Both of these expressions require that cluster t is not 
empty. Substituting (B5) into (B3) results in the third 
term of (B3) also being a constant, as is the first term. 
Therefore, optimization of the log-likelihood function 
requires only that the second term of (B3) be optimized 
to define u,,. That is, the minimization criterion is 
k n 
.!. I, (Lu;,) loglS,I. 
Z t=l i=l 
(B6) 
Various special cases of the above have been con-
sidered. The first case assumes that all covariances are 
equal ( i.e., S, = S for t = 1, · · · , k). The expression 
(B5) now becomes 
} n k 
S = - L L U;,(X; - µ,)(X; - µ,)T, (B7) 
n i=l t=I 
and the objective criterion to be minimized becomes 
.!. n log ISi. 
2 
(B8) 
The k-means method is a special case of the above 
when S is reduced to a unity matrix multiplied by a 
constant factor such that 
(B9) 
Introduction of this expression into the likelihood func-
tion defines a variance estimate as 
1 k n p 
<Y
2 = - L L L U;,(xij - µ,j) 2 • 
np t=l i=I j=l 
The minimization criterion is then defined as 
i np log(u 2). 
(BIO) 
(Bll) 
As defined above, this expression indicates that the k-
means method minimizes the distance between each 
data point and each cluster mean. The generalization of 
the k-means method defined by (B6) allows each clus-
ter to have its own covariance structure ( i.e., shape). 
The second generalization defined by (B7) specifies 
that each cluster has the same covariance structure, and 
the k-means generalization specifies that each cluster is 
spherical. 
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The above formulation may be further generalized 
by relaxing the constraint on the u;,. That is, individual 
points do not need to belong to only one cluster, and 
the u;, define the degree to which a point belongs to 
each cluster. The constraints on the uit are then 
u;, ~ 0 for all i, t, 
and 
k 
I, u;, = 1 for all i. 
t=I 
In this fuzzy case, the u;, are called membership func-
tions, and the above criteria imply that all u;, are less 
than or equal to 1 for all i and t. Therefore, the primary 
difference between the fuzzy and hard clustering meth-
ods related to the log-likelihood function (B3) is that 
the u;, become continuous in the range [ 0, 1] . Estima-
tion of the u;, based on the optimization of ( B3) must 
now take into account the above constraints. Exami-
nations of the properties associated with these con-
straints have led to the recognition that truly fuzzy val-
ues of the u;, can be obtained by squaring the different 
membership functions associated with terms specifying 
the distance between each point and the cluster center 
( Kaufman and Rousseeuw 1990). The linear term in 
( B3) is replaced by a quadratic, but the uit remain equal 
to O and 1 at the boundaries as defined by the above 
constraints. This specification allows minima to be 
reached at intermediate values of u;, ( 0 < u;, < 1 ) in 
addition to values of O and 1. The modified log-likeli-
hood function (B3) is now written as 
<P = - i I, I, [uf,(x; - p,;)TS;- 1(x; - µ,) 
I i 
+ U;,p log(21r) + U;, log I S,I]. (Bl2) 
This function can be differentiated with respect to the 
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The objective function ( B 12) can be rewritten by, re-
spectively, collecting all terms that contain the square 
of the membership function and those that maintain an 
exponent equal to 1. The new form becomes 
k n 
<P = - i 2, I, (u;,2Ait + uf,B;,), 
t=l i=l 
(BIS) 
where the Ait contain the linear terms and the B;, contain 
the quadratic terms. The combination of (BIS) with 
the constraints upon the u;, can be: rearranged to form 
a Lagrange equation ( Kaufman and Rousseeuw 1990). 
Setting the derivative of the Lagrange equation with 
respect to the u;, equal to O and solving for the u;, pro-
vides the optimal representation of the membership 
functions. These are defined as 
k 
1/B;, 1 ['~1 (A;,/B;,) ] 
U;, = k + B k - Ait . 
L (1 /Bit) ;, ~ ( 1/ B;,) 
(Bl6) 
t=I 
Based on (B12) and (BIS), the Bit are defined as 
(Bl7) 
Therefore, the Bit define the Mahalanobis distance be-
tween the observation X; and the center of cluster t. 
This term will be equal to O if X; is equal to the cluster 
center and infinity if X; is an infinite distance from the 
center. Therefore, the first term of ( B 16) varies be-
tween 0 and 1. Also, from ( B 12) and ( B 15) the Ait are 
defined as 
I 
A;, = 2 (p log(21r) + log I S,I). (Bl8) 
The first term in ( B 18) is a constant, and the second 
term contains the determinant of the covariance matrix 
associated with cluster t. Based upon ( B 17) and 
( B 18), the specifications of the membership coeffi-
cients in (Bl6) are assigned a value between O and I 
based on the distance between each point and the clus-
ter centers and then modified base.d upon the probabil-
ity structure associated with each cluster. If all deter-
minants of the covariance matrices are equal, then the 
second term of (Bl6) would be equal to 0. Therefore, 
the assignment of the membership coefficients would 
be based only upon the distance of each point to each 
cluster center. This condition corresponds to a fuzzy k-
means algorithm. 
APPENDIX C 
Internal Variability of the Clusters 
The internal consistency of each cluster is defined by 
the ratio of the within-cluster variance to the total cli-
matological variance. If the within-cluster variance 
equals the climatological variance, then the clusters do 
not contain any features that fluctuate less than 1 would 
be expected from climatology. The opposite situation 
occurs if a particular map is assigned only to a cluster 
if the membership coefficient is equal to 1. For a cluster 
k, the mean pattern is specified as C(k), which are the 
patterns defined in Fig. 5. The total climatological 
mean is specified as T, which is computed from the 
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complete 1979-87 data. The climatological variance is 
computed as 
N 
cr2 (C) = I, IM; - Tl2 , (Cl) 
i=l 
where N is the length of the total dataset and M; is the 
700-mb anomaly map at time i. The within-cluster var-
iance is computed as 
N 
cr2 (k) = I, u(k, i) IM; - C(k) I 2 , (C2) 
i=l 
where u(k, i) is the membership coefficient pertaining 
to cluster k at time i. The ratio of the within-cluster 
variance and the total variance is evaluated for each 
wind component separately. The major results of this 
analysis, which is presented in detail in Harr ( 1993), 
is only summarized here. The depictions of the variance 
ratios for all the clusters are consistent with the inter-
pretation that the zonal wind component over the Trop-
ics is considered to be representative of large-scale cir-
culations and the meridional wind component is con-
sidered representative of disturbances exhibiting 
shorter space and time scales. Only those features as-
sociated with large-scale zonal wind anomalies have 
consistently smaller fluctuations than the climatological 
average. The most internally consistent meridional 
wind fluctuations are generally between 70% and 80% 
of the climatological variability (not shown). This is 
also consistent with the statistical significance analysis 
of all the composite charts described in appendix A. 
Local significance is concentrated over regions with 
large zonal wind anomalies. 
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